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Neural patterning occurs soon after neural induction during early development. In Xenopus, several caudalizing factors
transform anterior neural to posterior neural tissue at the open neural plate stages, while other factors are responsible for
setting up mediolateral polarity which becomes the dorsoventral (D±V) axis after neural tube closure. Many Wnt ligands
are expressed in the neural tube in distinct anteroposterior (A±P) and D±V domains, implying a function in neural
patterning. Here we report the cloning of a full-length Xenopus Wnt7B gene. Xwnt7B induces neural crest markers Xslug
and Xtwist in ectodermal explants coinjected with neural inducer noggin and in ectodermal cells neuralized by dissociation.
In vivo, Xwnt7B expands the Xtwist expression domain when injected in the animal pole. Our results suggest that Wnt
members are involved in dorsoventral patterning of the neural tube. q 1998 Academic Press
INTRODUCTION 1995). Many Wnts are expressed in speci®c domains in the
nervous system (Parr et al., 1993; Hollyday et al., 1995)
implying roles in regulating neural development. Here weIn Xenopus the neural plate is induced by organizer-spe-
report the cloning of a Xenopus Wnt7B gene and character-ci®c factors (e.g., noggin, chordin, follistatin, and Xnr3),
ization of its function in early neural patterning.which function to inhibit BMP activity in the ectoderm
(reviewed in Wilson and Hemmati-Brivanlou, 1997). The
neural tissue thus induced is of anterior character; this can
then be transformed to posterior neural tissue by caudaliz- MATERIALS AND METHODS
ing factors, such as FGF (reviewed in Doniach, 1995). The
neural plate is also patterned along its medial±lateral axis,
Cloning of Xwnt7B and plasmid construction. cDNA from
which eventually becomes the dorsal±ventral (D±V) axis stage 11±12 embryos (Nieuwkoop and Faber, 1967) was ampli®ed
after neural tube closure. Signals from the notochord and by PCR with the following degenerate primers hybridizing to a
nonneural ectoderm seem to be involved in D±V speci®ca- conserved region of the Wnt family: Wnt-a, GGGAATTCCARG-
tion. While the notochord induces overlying neural tissue ARTGYAARTGYCAT; and Wnt-b, AAATCTAGARCARCACCA-
RTGRAA (RA/G, YC/T), encoding peptides QECKCH andto form ¯oor plate and ventral types of neurons (motor neu-
FHWCC, respectively. The resulting PCR fragment was insertedrons), nonneural ectoderm is involved in the determination
into the pBluescript vector. Among several different Wnts a cloneof dorsal neural fates, such as roof plate and neural crest
with a 400-bp insert was homologous to a region of the mousecells (Yamada et al., 1991; Dickinson et al., 1995). The se-
Wnt7B gene. This clone was used to isolate a full-length Xwnt7Bcreted factor hedgehog, expressed in the notochord, has been
gene from a Xenopus stage 28 head library (Hemmati-Brivanlou etshown to mediate ventral neural speci®cation (Echelard et
al., 1991). The gene was subsequently subcloned into the p64T
al., 1993; Roelink et al., 1994). The molecular nature of the vector.
dorsal patterning factors, however, is not as well docu- Whole-mount in situ hybridization. In situ hybridization was
mented in Xenopus, though it has been shown in chick that performed with digoxigenin-labeled probes as described (Hemmati-
BMPs can mediate dorsal cell fate speci®cation (Liem et al., Brivanlou et al., 1990). Xwnt7B and Xtwist probes were synthesized
with T7 polymerase on NotI linearized pBS-Xwnt7B template and
EcoRI linearized pSP73-XtwiT18 template, respectively. Xwnt7B
sense probe was synthesized with SP6 polymerase on EcoRI linear-1 To whom correspondence should be addressed. E-mail:
brvnlou@rockvax.rockefeller.edu. ized pSP64T-Xwnt7B template. Xwnt1 antisense probe was made
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with SP6 polymerase on HindIII linearized pGEM2-Xwnt1 template Neural Crest Induction by Xwnt7B in Ectodermal
(a gift from Dr. Randall Moon). Explants
RT-PCR. RT-PCR was performed and primers for neural mark-
ers were used as previously described (Cox and Hemmati-Brivanlou, To study the function of Xwnt7B in early neural develop-
1995). Primers for neural crest marker Xtwist are: Xtwist-U (AGT- ment, we used the ectodermal explant assay, in which animal
CGTGCCTTTGAAGCCAC) and Xtwist-D (CGCCGCTTGCAT- poles of embryos injected with different RNAs are isolated
AGAAACAG); primers for Xslug are: Xslug-U (GCCCTATTTCCT- (animal caps) at late blastula stage 9, incubated to neurula
TGTTGC) and Xslug-D (AACCCTTCTTGGTTGCAC).
stage 17, and analyzed by RT-PCR. Figure 2 shows that al-
though Xwnt7B does not by itself induce neural tissue, coin-
jection of Xwnt7B with a neural inducer, such as noggin, alters
the expression pattern of several neural genes (Fig. 2A). Noggin
RESULTS AND DISCUSSION injection alone induces the pan-neural marker NCAM, as well
as the anterior brain marker OtxA (Lamb et al., 1993). It does
not induce genes expressed at more posterior levels, such asCloning and Expression of Xenopus Wnt7B
the hindbrain marker Krox20 (Bradley et al., 1992), nor does
it induce neural crest markers Xslug and Xtwist (Hopwood etTo study the role of Wnts in early neural development,
al., 1989; Nieto et al., 1994). All these markers are turnedwe used a PCR cloning strategy to obtain Wnts that are
on, however, when noggin and Xwnt7B RNAs are injectedexpressed at neural induction stages in Xenopus embryos.
together (Fig. 2A, compare lanes 4 and 5). The induction occursAmong the clones obtained was a Xenopus Wnt7B homolog
in the absence of mesoderm, as no brachyury (Xbra) expression(Xwnt7B). The full-length sequence shows 90 and 78%
is observed at either gastrula stages or neurula stages and noamino acid identity to mouse Wnt7B and Wnt7A genes,
muscle actin expression is detected (Fig. 2A). This result indi-respectively (Fig. 1A). A temporal expression study of
cates that Xwnt7B confers both neural crest and caudal proper-Xwnt7B indicates that the gene is maternally expressed (not
ties on neural tissue induced by noggin. To determine if pat-shown). By whole-mount in situ hybridization, Xwnt7B is
terning of neural tissue is a general feature of all Wnts, wefound to be distributed evenly over the animal half and
compared Xwnt7B with Xwnt8. Both genes dorsalize meso-marginal zone of the embryo at gastrula stages (Fig. 1B,
derm induced by a low dose of activin in this experiment (notpanels A and B). No staining is seen in the sense control
shown), but only Xwnt7B induces Xslug and Xtwist when(panel C). Expression of Xwnt7B gradually localizes to the
combined with noggin (Fig. 2A, compare lanes 5 and 6). Thedorsal neural tube as well as in the epidermis after neural
result shows that different members of the Wnt family maytube closure (Fig. 1B, panels D and F to H). The staining
have different abilities to pattern neural tissue. This propertyincludes the roof plate of the neural tube (panels G and H),
of Xwnt7B does not depend on which neural inducer is used,a segmented pattern of expression along the dorsal half of
as chordin, follistatin, truncated BMP receptor, and dominantthe somites immediately underneath the skin (panel G), and
negative BMP ligands all work with Xwnt7B to induce neuralthe epidermal tissue (panels G and H). To prove that the
crest markers (not shown).labeling of the epidermal layer is not due to nonspeci®c
Since Xwnt7B induces the hindbrain marker Krox20 in ad-hybridization, we performed several control experiments.
dition to neural crest genes, we wanted to determine if neuralFirst we assayed for Xwnt7B expression in the nonneural
crest induction coincided with the induction of caudal mark-ectoderm by RT-PCR of the animal caps explanted at late
er(s). We assayed for regional neural markers in animal poleblastula stages and incubated in buffer alone to stage 20.
explants coinjected with noggin and different amounts ofOur result con®rmed the presence of Xwnt7B RNA in these
Xwnt7B RNA. As shown in Fig. 2B, the neural crest markersexplants, which differentiate as epidermal cells (data not
Xslug and Xtwist can be induced strongly even at the lowestshown). In addition, a control Xwnt7B sense probe was used
dose of Xwnt7B when coexpressed with noggin. In contrast,at the same time during in situ hybridization and did not
although Krox20 induction is enhanced by higher doses ofdetect any signal from gastrula to early tailbud embryos
Xwnt7B, other posterior neural markers are not induced ef®-(Fig. 1B, panels C and E). As a positive control, we assayed
ciently. The midbrain marker Engrailed 2 (En2; Hemmati-for expression of Xenopus Wnt1. As shown in Fig. 1B (panels
Brivanlou et al., 1991) is only induced at the highest doseI and J), Wnt1 is expressed as a band at the midbrain and
and the spinal cord marker Xlhbox6 (XhoxB9; Wright et al.,hindbrain boundary as well as on the dorsal side of the
1990) is never induced by Xwnt7B. This result of Xwnt7Bhindbrain, as previously reported (Wolda et al., 1993). These
is different from that reported for Xwnt3A which acts as aresults indicate that Xwnt7B staining is not due to nonspe-
caudalizing factor (McGrew et al., 1995). We therefore com-ci®c hybridization. The expression pattern of Xwnt7B dif-
pared activities of Xwnt7B with that of Xwnt3A. As shownfers from that of the mouse Wnt7A and Wnt7B, which are
in Fig. 2C, Xwnt3A induces both Krox20 and Xlhbox6 aslocalized to the ventral region of the neural tube (Parr et
well as represses OtxA when injected at 50 pg concentration,al., 1993). Although this is unexpected, different distribu-
indicating a shift from anterior to posterior neural tissue. Ontions of Wnt orthologs in different species have been de-
the other hand, Xwnt7B induces Krox20 but not Xlhbox6 andscribed for other Wnt members, such as Wnt4 and Wnt5a
(Parr et al., 1993; Hollyday et al., 1995). does not repress OtxA. This result implies either that
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FIG. 1. Sequence and expression of Xwnt7B. (A) Sequence alignment of Xenopus Wnt7B with mouse Wnt7 genes. (B) Spatial expression of
Xwnt7B assayed by whole-mount in situ hybridization. Gastrula embryos are viewed from animal (panel A) or vegetal (panel B) sides, showing
even distribution of RNA in the animal half and marginal zone at this stage. Panel C is a control embryo hybridized with a Xwnt7B sense
probe. Panel D shows Xwnt7B expression in the dorsal neural tube and the epidermal layer after neural tube closure, and panel E is a tailbud
embryo stained with a Xwnt7B sense probe. Panel F shows Xwnt7B expression in the dorsal neural tube and skin in a tailbud stage embryo.
Panel G shows expression of Xwnt7B in the dorsal midline of the neural tube and a segmented pattern of staining underneath the skin.
Panel H shows dorsal neural as well as epidermal staining in a transverse section of a tailbud embryo. Panels I and J show speci®c staining
of the midbrain±hindbrain boundary and the dorsal hindbrain of an embryo hybridized with Xwnt1 antisense probe. In panels D to J (except
panel H), the heads of the embryos are on the right side; panel I is a dorsal view while the others are lateral views.
Xwnt3A is a stronger caudalizing factor than Xwnt7B or that tion between neural and nonneural ectoderm (Moury and
Jacobson, 1989). In the above animal cap assays performedthe two Wnts induce Krox20 by different means. Since
with noggin and Xwnt7B, neuralized animal caps still ex-Krox20 is also expressed in a group of neural crest cells de-
press a low level of epidermal keratin (data not shown);rived from rhombomere 5 in the hindbrain region (Bradley et
neural crest may therefore be produced by an interactional., 1992), our results may imply that Krox20 induction by
between neural and epidermal cells within the caps.Xwnt7B may represent induction of a special population of
Xwnt7B may function here only to sensitize and enhanceneural crest cells rather than of caudal neural tissue.
competence of the ectoderm. To address if Xwnt7B can in-
Neural Crest Induction by Xwnt7B in Dissociated duce neural crest without epidermis, we performed cell dis-
Ectodermal Explants sociation assays (Fig. 2D). Animal caps are removed from
Neural crest cells normally arise from the neural folds at blastula embryos and dissociated for 4 h in Ca2/-, Mg2/-
free medium before they are reaggregated and cultured tothe open neural plate stage and can be induced by interac-
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FIG. 2. Neural crest induction by Xwnt7B in ectodermal explants. (A) Xwnt7B induces dorsal and posterior neural markers in noggin-
injected animal explants, while Xwnt8 does not. Animal caps are explanted at blastula stage 9, and RNA is extracted at midgastrula stage
11 or neurula stage 17. The amounts of RNA used for injection are 50 pg Xwnt7B, 50 pg Xwnt8, and 200 pg noggin, in isolation or
combination (lanes 2 to 6, respectively). Lane 1 shows control uninjected explants, while whole embryo controls with or without reverse
transcriptase (RT) are shown in lanes 7 and 8. (B) Neural patterning at different doses of Xwnt7B. Noggin RNA (0.2 ng) is coinjected with
10, 50, 100, and 500 pg of Xwnt7B RNA (lanes 3 to 6). Neural crest markers and Krox20 can be induced at a low dose of Xwnt7B (10 pg),
while other caudal markers cannot be induced ef®ciently. (C) Differences in caudalizing activity of Xwnt7B and Xwnt3A. Lanes 3 and 4
are animal explants injected with 0.2 ng noggin and 50 pg Xwnt3A or 50 pg Xwnt7B, respectively. Xwnt3A is a stronger caudalizing factor
than Xwnt7B. (D) Xwnt7B induces neural crest markers in dissociated animal caps. Lane 1 is uninjected control caps, lane 2 is intact
animal caps injected with 100 pg Xwnt7B RNA, and lanes 3 (uninjected) and 4 (injected with 100 pg Xwnt7B RNA) are explants dissociated
in calcium- and magnesium-free medium for 4 h before reaggregation and incubation to midneurula stage.
02-02-98 07:29:06 dba
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FIG. 3. Expansion of expression domain of neural crest marker Xtwist by Xwnt7B in vivo. Albino embryos are injected with 50 pg
Xwnt7B RNA into the animal pole of one of the blastomeres at the two-cell stage. Embryos are incubated to midneurula stages 16 to 17
before the expression of neural crest marker Xtwist is examined by in situ hybridization. The top panel shows uninjected control embryos,
while Xwnt7B-injected embryos are shown in the bottom panel. Injected embryos show the expanded expression domain of Xtwist
extending both ventrally and posteriorly from the original location.
midneurula stages. This treatment disrupts interaction be- while Xtwist expression is even repressed in some injected
tween cells and converts cells from an epidermal to a neural embryos (not shown), a phenotype consistent with previous
fate. When animal explants from control uninjected em- reports (Mayor et al., 1995) and results from our animal cap
bryos are dissociated, the neural markers NCAM and OtxA assays. In no cases did injection of Xwnt7B in the animal
are turned on and the epidermal marker epidermal keratin pole result in duplication of the axis. The data indicate that
is turned off (Fig. 2D, lane 3). When explants from Xwnt7B- Xwnt7B may play a role in neural crest speci®cation in vivo.
injected embryos are dissociated, the neural crest markers In Xenopus, many Wnts are expressed in de®ned domains
Xslug and Xtwist are induced in addition to NCAM and in the nervous system, implying that they may participate
OtxA, while expression of epidermal keratin is still inhib- in neural patterning (Moon, 1993). Both Wnt1 and Wnt3A
ited by dissociation (Fig. 2D, lane 4). The result shows that RNAs are localized, among other regions, in the dorsal neu-
Xwnt7B can induce neural crest from neural tissue in the ral tube, suggesting that they may have a role in neural
absence of epidermis. crest formation. In fact, we do observe Xwnt1 induction by
Xwnt7B, as well as neural crest induction by Xwnt1 and
Xwnt3A in animal cap assays (Fig. 2 and data not shown).
Neural Crest Induction by Xwnt7B in Vivo However, in Xenopus, as in mouse, Wnt1 and Wnt3A tran-
scripts are turned on later than that of Xslug, making themTo determine if Xwnt7B has a role in neural patterning
unlikely to initiate neural crest induction in vivo. Nonethe-in vivo, we studied the effect of injection of Xwnt7B RNA
less, they may be involved in maintenance of neural crest.on neural crest speci®cation in whole embryos, using
Xwnt7B, on the other hand, is expressed early enough toXtwist as a marker. Animal poles of one blastomere of two-
be an endogenous neural crest inducer. In whole embryoscell-stage albino embryos were injected with Xwnt7B RNA.
overexpression of Xwnt7B does not lead to Xtwist expres-The embryos were allowed to grow to midneurula stages
sion in the whole neural plate, implying that inhibitory16 to 17 before they were ®xed and assayed by in situ hybrid-
signals exist which limit neural crest formation to the bor-ization for Xtwist expression. As shown in Fig. 3, control
der of the neural plate.uninjected embryos express Xtwist along the lateral edges
It has been shown in the chick that neural crest can beof the anterior neural plate in the prospective neural crest
induced by BMP4 and BMP7 from explanted intermediateregion. When injected with Xwnt7B RNA in one cell, the
or ventral neural tube (Liem et al., 1995). In our experi-embryos display expanded expression of Xtwist on one side.
ments, we are able to induce neural crest by Xwnt7B inInstead of a short domain of expression along the edge of
the presence of 2 ng truncated BMP receptor RNA or 5 ngthe neural plate, Xtwist is seen as a continuous line moving
dominant negative BMP ligand RNA in the animal caps (notdown from the original position to the ventral posterior side
shown), as well as in dissociated animal cap explants (Fig.of the embryos (Fig. 3, 90% of injected embryos, n  23).
2D). These results imply that there might be a species differ-On the other hand none of the embryos injected with Xwnt8
RNA (n  30) shows expansion of Xtwist on either side, ence between Xenopus and chick in utilizing the BMP path-
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induction in the mesoderm and the neural crest. Cell 59, 893±way to induce neural crest or that BMP is upstream of Wnt
903.signaling. Alternatively, the induction of neural crest in
Knecht, A. K., Good, P. J., Dawid, I. B., and Harland, R. M. (1995).these situations may be due to incomplete inhibition of the
Dorsal±ventral patterning and differentiation of noggin-inducedBMP pathway in our assays.
neural tissue in the absence of mesoderm. Development 121,
We have shown that Xwnt7B induces neural crest mark- 1927±1936.
ers from neural tissue in intact or dissociated animal ex- Lamb, T. M., Knecht, A. K., Smith, W. C., Stachel, S. E., Econom-
plants. Xwnt7B can also expand the expression domain of ides, A. N., Stahl, N., Yancopolous, G. D., and Harland, R. M.
the neural crest marker when it is overexpressed in vivo. (1993). Neural induction by the secreted polypeptide noggin. Sci-
This is the ®rst evidence that Wnt family members are ence 262, 713±718.
Liem, K. F., Jr., Tremml, G., Roelink, H., and Jessell, T. M. (1995).involved in dorsoventral patterning of the amphibian em-
Dorsal differentiation of neural plate cells induced by BMP-medi-bryonic neural tube.
ated signals from epidermal ectoderm. Cell 82, 969±979.
Mayor, R., Morgan, R., and Sargent, M. G. (1995). Induction of the
prospective neural crest of Xenopus. Development 121, 767±777.
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